We have used in this work the crossover soft-SAFT equation of state to model nitrogen dioxide/dinitrogen tetraoxide (NO 2 /N 2 O 4 ), carbon dioxide (CO 2 ) and their mixtures. The prediction of the vapor -liquid equilibrium of this mixture is of utmost importance to correctly assess the NO 2 monomer amount that is the oxidizing agent of vegetal macromolecules in the CO 2 + NO 2 / N 2 O 4 reacting medium under supercritical conditions. The quadrupolar effect was explicitly considered when modeling carbon dioxide, enabling to obtain an excellent description of the vapor-liquid equilibria diagrams. NO 2 was modeled as a self associating molecule with a single association site to account for the strong associating character of the NO 2 molecule. Again, the vaporliquid equilibrium of NO 2 was correctly modeled. The molecular parameters were tested by accurately predicting the very few available experimental data outside the phase equilibrium. Soft-SAFT was also able to predict the degree of dimerization of NO 2 (mimicking the real NO 2 /N 2 O 4 situation), in good agreement with experimental data.
Introduction
Accurate thermodynamic properties of pure compounds and mixtures, in particular phase equilibrium properties, are needed over a wide range of temperatures and pressures for the optimization of existing and the design of new process and/or materials in chemical industry. Even though experimental data is always preferred, this information is often scarce and it does not cover all mixtures and operating conditions, thus inducing a persistent effort to derive accurate thermodynamic models.
From the modeling of hydrocarbon or organic compound properties needed in the petrochemical industry, and because of the advent of novel industrial technologies, a shift in modeling has occurred, focusing on uncommon fluids (ionic liquids, biomolecules, etc.) or on common fluids under severe temperature and pressure conditions, like the supercritical ones. In a comprehensive paper, Prausnitz and Tavares [1] recalled 50 years of thermodynamic models focused on vapor -liquid equilibrium.
Hydrocarbons and other non polar fluid vapor -liquid equilibrium properties can be satisfactorily modeled using a symmetric approach to model both, the vapor and the liquid phase fugacity with the use of a van der Waals type equation model [2, 3] , the Soave -Redlich -Kwong or Peng -Robinson equations being the most popular ones.
When polar fluids are involved at moderate pressures, activity coefficient models are more suitable for modeling the liquid phase. When a higher pressure range is also a concern, a symmetric equation of state approach with complex mixing rules including an excess Gibbs energy term from an activity coefficient model can provide good results. Unfortunately, even those approaches show limitations for complex fluids and can drastically fail near the critical region, unless an specific treatment is included [4, 5] .
For self-associating fluids like carboxylic acids, alkanols or primary and secondary amines, practical thermodynamic modeling has suggested the description of the dimer -monomer association equilibrium in the relevant phase in order to correct the monomer composition participating into the vapor -liquid phase equilibrium. This is the case for acetic acid, a molecule that dimerizes mostly in the vapor phase [6, 7] .
Self-associating fluids in the liquid phase are not so frequent but do exist, like NO 2 , which forms N 2 O 4 dimers in the liquid phase [8] .
In the recent decades, progress in computer science has enabled molecular simulations to solve real problems, like the prediction of vapor -liquid equilibrium of highly non ideal complex mixtures, by the use of statistical mechanic principles, developing efficient bias to sample fluid configurations [9, 10] . However, although the large computational time of the molecular simulation is not prohibitory to obtain thermodynamic properties that are hardly measurable, it still prevents its use in practical and fast chemical engineering calculations.
Molecular based equations of state also routed in statistical mechanics, are a very attractive alternative. They retain their interest in chemical engineering calculations as they apply to a wide spectrum of thermodynamic conditions and compounds, being computationally much less demanding than molecular simulations.
Among them, the Statistical Associating Fluid Theory equation of state (SAFT) has become very popular because of its capability of predicting thermodynamics properties of several complex fluids, including chain, aromatic and chlorinated hydrocarbons, esters alkanols, carboxylic acids, etc [11] . SAFT was envisioned as an application of Wertheim's theory of association [12] [13] [14] through the use of a first order thermodynamic perturbation theory (TPT) to formulate a physically based EoS [11, [15] [16] [17] The ambition of making SAFT an accurate equation for engineering purposes has promoted the development of different versions that tried to overcome the limitations of the original one [18, 19] .
The objective of this paper is to check the accuracy of one of these approaches for describing the vapor-liquid equilibrium diagrams and association of the CO 2 + NO 2 / N 2 O 4 mixture. The prediction of the vapor -liquid equilibrium of this mixture is of utmost importance to correctly assess the NO 2 monomer amount that is the oxidizing agent of vegetal macromolecules in the CO 2 + NO 2 / N 2 O 4 reacting medium. Such a mixture is the reacting media in a novel process where body-degradable polymers readily usable for inside body surgery treatment are produced through the oxidation of polysaccharides and cellulose macromolecules by NO 2 /N 2 O 4 in a reactor where CO 2 is present in excess under supercritical conditions [20] . Currently, the oxidizing agent is suspected to be NO 2 monomers but a real assessment of its exact quantity in the reacting medium is missing to further optimize the process conditions. Supercritical CO 2 is now well established as a solvent for use in extractions. The modeling of CO 2 is routinely done using cubic equation of state. However, CO 2 bears a quadrupole that, if not considered in the modeling, provides inaccurate mixture predictions that have to be corrected by the use of binary interaction parameters [21] . A recent modeling of CO 2 -perfluoroalkanes vapor -liquid equilibrium mixtures using the soft-SAFT equation of state showed that no binary interaction parameters are required when the quadrupolar moment on carbon dioxide is explicitly included and molecules do not greatly differ in size. In that case, the quadrupolar effect on the phase equilibrium is not hidden in the binary parameter value but explicitly described increasing the model extrapolation capability [21] .
The oxides of nitrogen are of main interest, notably for their occurrence in biological and environmental chemistry. Nitrogen dioxide (NO 2 ) is notoriously known to self associate in the liquid phase to produce dinitrogen tetroxide (N 2 O 4 ) according to Equation 1 [8] . In the liquid phase, N 2 O 4 can also additionally isomerizes [22] . In the vapor phase, it was shown that dimerization also occurs, while the formation of trimers, tetramers or sequential indefinite self-association hypothesis can be discarded [23] . In this work NO 2 is modeled as a self associating molecule with a single association site to account for the strong associating character of the NO 2 molecule. Assuming that the self associating compound NO 2 is a mixture of monomers NO 2 and dimers N 2 O 4 , the dissociation reaction to be considered is:
According to interpretation of Raman and X-ray spectra [24] and the most recent computational chemistry study [25] , it has been confirmed that the NO 2 association takes place along the NN bond line. Both NO 2 and N 2 O 4 molecules are fairly rigid.
Hence, in spite of its importance and given the non-ideal behavior of the components, the CO 2 + NO 2 / N 2 O 4 mixture is a challenging mixture to model. The approach we have taken here is to use the soft-SAFT equation of state [26, 27] , as it explicitly builds on the association and the quadrupolar interactions. Therefore, the equation is able to provide insights on the mixture behavior, as for instance, the degree of aggregation of associating molecules in each phase in equilibrium [28] . Like most thermodynamic models, SAFT approaches require the evaluation of several parameters relating the model to the experimental system. An advantage of SAFT-type equations versus other approaches is that, as they are based on statistical mechanics, parameters have a clear physical meaning; when carefully fitted they can be used with predictive power to explore other regions of the phase diagram far from the data and operating conditions used in the parameter regression, performing better than other models for interacting compounds like activity coefficient models [1] . Modeling predictions are compared to very recent experimental measurements of NO 2 -CO 2 equilibrium isotherms [29] .
The paper is organized as it follows: first, the crossover soft-SAFT equation of state is shortly described, including the molecular model used for CO 2 
The crossover soft-SAFT equation of state
The soft-SAFT EoS [26] is a modification of the original SAFT equation [15] [16] [17] , based on Wertheim's TPT [12] [13] [14] . Since the SAFT equation and its modifications have been extensively revised [19] The main difference between the soft-SAFT equation and the original SAFT equation [15] [16] [17] is the use of the Lennard-Jones (LJ) intermolecular potential for the reference fluid in the soft-SAFT equation, with dispersive and repulsive forces into the same term, instead of the perturbation scheme based on a hard-sphere reference fluid plus dispersive contributions to it. This difference also appears in the chain and association term, since they both use the radial distribution function of the reference fluid, and it has turned out to be relevant for some applications of the equation.
Hence, the reference term in the soft-SAFT EOS is a LJ spherical fluid, which represents the units making up the chains. Following our previous work, we have used the accurate EoS of Johnson et al. [30] . The chain term in the equation comes from
Wertheim's theory, and it is formally identical in the different versions of SAFT. It is expressed as:
where ρ is the molecular density of the fluid, T is the temperature and k B is the Boltzmann constant. In the soft-SAFT case, it is applied to tangent LJ spheres of chain length m that are computed following a pair correlation function LJ g , evaluated at the bond length σ.
The association term comes from the first-order Wertheim's TPT for associating fluids, The Helmholtz energy density change due to association is calculated from the equation
where M i is the number of associating sites of component i and [26] for details)
The extension of the equation to polar systems is done by adding a new contribution that consists in a perturbed polar term proposed by Gubbins and Twu [31] . 3 , the second and third-order perturbation terms, were derived for an arbitrary intermolecular reference potential and can be found in the original papers [32] [33] . These expressions include the polar moment of the molecule (Q for the quadrupole case, which is the one evaluated in this work [34] ), whose value is taken from experimental measurements.
Since the reference term is written and established for a pure compound (in contrast with the chain, association or polar terms, which are directly applicable to mixtures), the residual Helmholtz energy density of the mixture is approximated by the residual Helmholtz energy density of a pure hypothetical fluid, using the van der Waals one fluid theory:
The above equations involve the mole fraction x i and the chain length m i of each of the components of the mixture of chain. The crossed interaction parameters ij σ and ij ε are calculated using the generalized Lorentz-Berthelot mixing rules:
where η ij and ξ ij represent the fitting parameters for binary mixtures deviating from ideal behavior, corresponding to a size and energy parameter, respectively. In this sense, η ij and ξ ij equal to one means full predictions from pure component parameters. In this work we have used just one binary parameter, ξ ij with a value very close to unity.
An extension of the original equation includes the addition of a crossover treatment to take into account the contribution of the long-wavelength density fluctuations in the near critical region, the so-called crossover soft-SAFT EOS [4] .
Based on White's work [35] , from the Wilson's renormalization group theory [36] , this term is implemented by using recursive relations where the density fluctuations are successively incorporated. This is the generalized equation we have used along the present work. The Helmholtz energy density of a system at density ρ can be described in recursive manner as:
where a n is the Helmholtz energy density and da n the term where long wavelength fluctuations are accounted for in the following way:
where Ω s and Ω l represent the density fluctuations for the short-range and the longrange attraction respectively, and K n is a coefficient that depends on the temperature and the cut off length:
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The superindex β refers to both long (l) and short (s) range attraction, respectively, and G β is a function that depends on the evaluation of the function a , calculated as:
where m is the chain length (number of LJ segments forming the chain), φ is an adjustable parameter, α is the interaction volume with units of energy-volume, and w refers to the range of the attractive potential. The values of α and w for the LJ potential were provided by Llovell and Vega [37] .
The extension to mixtures is done following the isomorphism assumption, in the same way as Cai and Prausnitz [38] . Following this approach the one-component density is replaced by the total density of the mixture. In addition, calculations are further simplified by using Kiselev and Friend's approximation [39] , in which chemical potentials are replaced by mole fractions as independent variables. Finally, the mixing rules needed to determine the crossover parameters L and φ are defined as in previous works [5, 37] : where Y represents the property data used for the regression, namely ρ liq and P sat .
Results and discussion

Pure compounds VLE modeling
The soft-SAFT equation of state described above was used with parameters presented in Table 1 . Figure 1 depicts the phase diagram of carbon dioxide as obtained with three sets of parameters as compared to experimental data [40] . The third set of parameters in table 1 (dotted lines in figure 1 ) corresponds to optimized parameters from the original equation, without including the crossover term, as obtained by Dias et al. [21] . These parameters were optimized to best fit the phase diagram, except the critical region. The first set of parameters in table 1 were optimized in the present work when applying the crossover soft-SAFT equation to the same set of experimental data as in Dias et al. [21] (full lines in figure 1 ). Thanks to the crossover treatment, the overall curve is very well reproduced, including the critical region. Finally, a third set of parameters was used for comparison: the dashed lines correspond to calculations performed with the original soft-SAFT equation, that is without crossover but with the m, σ and ε values fitted when using the crossover treatment. In that case, agreement is similar to the one obtained with Dias's parameter set without crossover but, as this second parameter set was not refitted, it deviates more in the liquid phase; a fact already pointed out by Llovell et al. [5] . Quadrupolar interactions were explicitly considered in all cases with quadrupolar parameter Q taken from the value fitted by Dias et al. [21] which compared well with experimental values of the CO 2 quadrupole. The value of the calculated critical points are presented in the taken from the work of Reamer and Sage [43] . Additional low temperature liquid density data were taken from Gray and Rathbone [44] and saturated pressure data at low temperature was taken from Giaupe and Kemp [24] . In both graphs we compare the performance of the soft-SAFT equation with (full line) and without (dashed line) the crossover treatment with the parameters given in table 1. Unlike CO 2 where use of crossover fitted parameters in the equation without crossover led to increased deviation in the liquid density, both NO 2 sets performed equally well far from the critical region, probably due to the strong influence association plays in this compound. The crossover term makes the agreement with the experimental phase diagram to become excellent over the whole phase region including the critical region.
The molecular parameters obtained by fitting vapor -liquid equilibrium data were used to check their transferability for other regions of the phase diagram not included in the fitting procedure but for which there is available data. Figure 3 shows the variation of the predicted liquid density versus the total pressure of the system at two isotherms (294.3K and 360.9K), as compared to experimental data. As it can be observed, the model is in very good agreement with the experimental data [43] . It also performs better than both SES and HAS models [42] that deviated much more at high pressures, in particular SES for the 360.9 K measurements and HSA for the 294.3 K measurements. The difference between the soft-SAFT equation with and without crossover displayed in figure 3 exists but is not significant, as expected at such a subcritical temperature.
In addition to obtaining accurate phase diagrams, the use of soft-SAFT enables to evaluate the fraction of dimerization in the NO 2 molecule, since the association term, leading to the dimer formation, is built into the theory. Experimental monomer NO 2 fractions in the liquid phase data is scarce and concerns only the low temperature range 246.65 -295.95 K [8] . The crossover soft SAFT predicts about 40% of NO 2 monomer (50% without crossover) at the calculated critical temperature and reaches a maximum of 53% (58% without crossover) (Figure 4a) . Indeed, the maximum mole fraction of monomer NO 2 in the mixture is not achieved at the critical temperature. It is observed that a high temperature favors the monomer NO 2 (from the non-interacting, ideal part of the energy change upon reaction) whereas high pressure favors N 2 O 4 (because of the stoechiometry N 2 O 4 :NO 2 ). The balance between those two forces is observed in Figure   4a . The curves are similar to those obtained by De Souza and Deiters [42] for their SES and HSA EoSs. Those authors also computed the theoretical monomer fraction assuming ideal gas and liquid and taking densities from the SES EoS. The shape of all curves is similar but the effect of non-ideality is evident in the liquid phase, where it contributes to a lower mole fraction of NO 2 than what would be expected from purely ideal calculations. A zoom on the experimental data ( Figure 4b ) shows a discrepancy with the predictions at low temperature. Calculations and experimental points of James and Marshall [7] differ by an order of magnitude but the absolute value of the non bonded NO 2 remains extremely small. Figure 5 shows the molar fraction of non bonded NO 2 in the vapor phase versus the pressure at 293.15 K. Circles represent experimental data from Yoshino et al. [45] while the line is the crossover soft-SAFT EoS prediction. The agreement obtained between the experimental measurements and the theory is within the experimental uncertainty, further reassuring the validity of soft-SAFT for these systems.
A large number of dissociation constants are available in the literature, especially in the gas phase. Figure 6 compares the calculated values with experimental data from Dunn et al. [46] that also compared well with previous measurements [24, 47] .
The crossover equation reproduces the experimental data quite accurately, with the largest deviations at high pressure and temperature.
Overall, modeling of NO 2 using the crossover soft-SAFT EoS nicely reproduces the main features of the experimental data available in the literature, and it improves the former modeling that used a hard sphere equations of state HSA and a semi-empirical equation of state SES [42] . We note that all calculations of those isotherms were done with the mass fraction of CO 2 not as usually done with the molar fraction. For such systems containing reacting system it is better to use the monomer as a reference molecule and its non bonded fraction in the mixture X, in our case provided by the crossover soft-SAFT EoS. 
Conclusions
The crossover soft-SAFT equation of state has been used to successfully describe the CO 2 + NO 2 / N 2 O 4 vapor -liquid equilibrium properties, as well as the pure component phase equilibria. The prediction of CO 2 + NO 2 / N 2 O 4 vapor -liquid equilibrium properties is of utmost importance to assess correctly the NO 2 monomer amount that is the oxidizing agent of cellulose in the CO 2 + NO 2 / N 2 O 4 reacting medium, leading to the production of body-degradable polymers readily usable for inside body surgery. CO 2 parameters were regressed following the same procedure as Llovell and Vega [37] and Dias et al. [21] but refining their optimization so as to improve the liquid phase density; the quadrupolar interactions were explicitly considered. NO 2 was treated as a self associating compound with a single association site. Compared to other self associating fluids, the large ε HB and small κ HB optimized values defined NO 2 as a strong associating fluid, in agreement with the experimental observations. The association volume κ HB found is significantly smaller than that used for moderately associating fluids (alkanols) modeled with the same crossover soft-SAFT equation [37] . The proposed model and parameters fitted to vapor liquid equilibria was used to predict liquid density value at two temperatures, showing very good agreement with experimental data and improving the performances of previous published models [42] .
The NO 2 modeling included a study of the dimerization fraction of the molecule.
Crossover soft-SAFT predicted a maximum dimerization fraction of 53%. Moreover, the equation showed good agreement when compared to the very few experimental data available, concerning the dimerization fraction at room temperature and the evaluation of the dissociation constant value.
Finally, crossover soft-SAFT was used to evaluate the vapor -liquid coexistence of CO 2 + NO 2 / N 2 O 4 mixture and its critical line, using the pure component molecular parameters. Experimental pressure -CO 2 mass fraction isotherms recently measured were used for comparison [29] . The use of a unique constant binary parameter was enough to achieve good agreement respect to the experimental data, although more experimental information would be required to assure the validity of the mixture calculations. In any case, results for pure compounds indicate that crossover soft-SAFT provides a rigorous model that can be applied to study this mixture with a good degree of accuracy. are from [43, 44] . Squares are from [24] . 
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